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1.0 SUMMARY

We have studied the requirements for high pressure earth storable rocket technology. The
potential applications and technologies have been identified, the appropriate ones for develop-
ment are described, and the recommended plan for their development is given.

The rationale for the recommendations is given, along with data on recent propulsion
experience, user-stated preferences, and recently active or potential commercial, DoD, and
NASA programs which need the new technology. It is evident that unit cost is the selection
parameter given highest weight by the user community.

To illustrate the expected results of this program, two conceptual designs of high-pressure
rocket systems are given. One system is appropriate for existing pressure-fed propellant delivery
systems with little or no modification to existing tankage or plumbing systems. The second,
higher pressure system, would require changes to existing propellant delivery systems to be
applied. The two conceptual rocket engines are shown in Figure 1-1. Both systems are derived
from the demonstrated AJ10-221 Ir-Re 490 N engine, which is shown at the same scale. Both
would use NTO/hydrazine at nominal thrust levels of 100 1bf. The thruster appropnate for
existing propellant supply systems has a chamber pressure of about 250 psia; the pump-fed sys-
tem has an operating chamber pressure of 500 psia. Other characteristics of the systems are
summarized in Table 1-1, where they are compared to the baseline AJ10-221 engine, which was
developed under NASA contract.

To prepare these conceptual designs, preliminary checks of performance, heat transfer, sta-
bility, stress, and cost were made to be sure none of these factors was violated. The basis for
choice of thruster parameter space and for the high-pressure concepts presented are given in
Section 3.0.
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2.0 INTRODUCTION

This Task 1 informal report documents the selection of operating conditions for the High-
Pressure, Earth-Storable Rocket Technology (HIPES) program. Factors considered included
available or near-term advanced technology, user requirements, user acceptance and those appli-
cations with the most to gain from utilization of high operating pressure. This parameter space
was evaluated to determine the “best” combination of propellant selection, thrust level, total
impulse (operating time), and chamber material.

APPLICATIONS

Applications have been defined in terms of recent history and projects presently in the RFI,
RFP, or early design selection stages. For example, in 1992 a total of 131 space vehicles were
launched world-wide. Of these, 78 were launched by the C.1.S., who are not considered to be a
potential market for our propulsion in the near term. Of the remaining 53 launches, the space-
craft were provided by U.S. companies in 19 launches; all are potential users of improved
propulsion systems built in the U.S. Thirteen systems launched on Ariane are possible users. In
discussions with ESA (Ref. 1) they indicated that U.S. companies will be considered as propul-
sion suppliers, although European companies are given preference.

Future applications for propulsion have been derived from space system models, user sur-
veys, and user requests for information and quotations on specific propulsion applications.
These sources indicate that the launch projections for the period through 2010 are similar to the
actual experience for 1992. Over twenty near-term propulsion projects for new vehicles or
upgrades to existing vehicles have been identified. These cover the rang from low orbit “light”
satellites, to “heavy’” communication satellites at GEO and large space-transfer “bus” propulsion.
Base-lined propellants for these applications include NTO with either MMH or hydrazine, or
CIFs and hydrazine. Thrust levels range (for axial as opposed to RCS engines) from 10 Ibf to
about 100 Ibf. Propellant quantities range from about 150 1bm to 11,500 Ibm. Most, but not all
applications require obtaining the maximum propulsion system specific impulse that can be pro-
vided within the envelope constraints.

INCREASED CHAMBER PRESSURE

User surveys show that the advantages of higher chamber pressure (smaller envelope,
higher performance) are appreciated. However, there is reluctance to move away from devel-
oped, qualified propellant delivery systems. The potential advantages of pump-fed systems are

RPT/H0090.13472 w1793



recognized by some users (in fact pump-fed 100 1bf engines were flown on Agena missions in
the mid 1960’s by LMSC); however, the overall user perception of pumps is that they are more
expensive, less reliable, and, in some cases thought to be heavier than pressure-fed systems.
Work is required to bring user acceptance of the ancillary systems required to achieve very high
pressure.

COST CONSIDERATIONS

Both surveys of users and recent propulsion system competitions have shown that the pri-
mary discriminator used for system selection is cost. In fact, in the commercial market, low
development and unit costs have more weight than demonstrated high performance. It becomes
obvious that to meet the goal of user acceptance of these advanced propulsion technologies they
must be cost competitive. The potential cost advantages to the users (greatly increased revenue
due to longer life in orbit, for example) are diluted to obtain up-front returns. For example,
changing from a conventional Cb chamber using NTO/MMH at 100 psia Pc to an Ir-Re chamber
using NTO/hydrazine at 250 psia Pc could result in a nearly 40% increase in revenue over the
extended life of the satellite, or in $2M up-front return if taken as off-loaded propellants. Since
the latter return is realized whether the launch is successful or not, typically it is selected,
reducing the long term profit potential for the advanced propulsion.

Because of the premium on short term profit, the amount of added investment that can be
made for higher performance thrusters is limited. For this reason, both non-recurring and unit
costs are critical. Basic considerations show that Ir-Re chambers will always be more expensive
than Cb chambers, for example; some cost differential can be sustained and still remain a viable
alternative. The present cost differential must be reduced, however, to become competitive. The
fabrication development work for Ir-Re being funded by NASA LeRC should improve this
position.

RPT/H0090.1383 A 5 m 9



3.0 CANDIDATE SYSTEM DEFINITION

An earth-storable, high-performance small thruster has many potential applications, from
short-pulse divert engines to multi-hour delta V applications. We have swdied the potential
applications from several different view points: 1) What is the very recent history for application
of this class of thruster?, 2) What do the users and mission planners as a group determine to be
their on-going and future needs?, and 3) What are real applications based on Requests for
Information (RFI) and Requests for Proposal (RFP) for these systems?

3.1 POTENTIAL APPLICATIONS

The answers to these questions have been used to define the applications space for small,
earth-storable high performance thrusters, within the stated guidelines of this program. The
results of this study show that the highest value applications, with the most chance of user accep-
tance and utilization, are for large delta V propulsion, in the 100 Ibf thrust class, with
NTO/hydrazine as propellants. The data which lead us to these conclusions are provided below,
along with two flight engine design concepts which fit these conclusions.

3.1.1 Historical Applications Basis

To focus on actual propulsion applications, the space launches conducted in
1992 were reviewed. Table 3.1.1-1 summarizes these launches by agency. There were a total of
131 space launches in 1992; however, 78 of these were conducted by the C.L.S. Of the remaining
launches, 12 were by NASA, 12 by DoD, 5 were U.S. commercial, and 24 were foreign. Of
these foreign launches, 14 had payload/propulsion systems provided by U.S. spacecraft manufac-
turers. These spacecraft used conventional thruster technology: Cb chambers, “low” Pc, and, if
bipropellant, NTO/MMH.

Table 3.1.1-1 also shows projected launches per year for the categories of
interest, through the year 2010, based on the draft and final Mission Model Study prepared by
the NSIA Spacecraft Panel (Refs. 3 and 4). The difficulty of predicting the future, and the
danger of relying on such predictions, is obvious. Nevertheless, the indication from this study is
that the average yearly spacecraft launch rate will be similar to actual experience for 1992, with a
reduction projected for foreign launches. However, because of overwhelming cost considera-
tions, it appears more likely that more will be on lower cost foreign launchers (Ariane, Long
March, and perhaps even on C.L.S. launchers).

The 1992 launches (except C.1.S.) are listed in Table 3.1.1-2, which shows
spacecraft manufacturer, spacecraft, application, spacecraft launch weight, and launch vehicle.

RPTA0050.138/4 ven
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The average weight at launch for these 35 spacecraft was just over 2000 Ibm, suggesting an aver-
age propellant load of about 1600 1bm, of which approximately 1300 lbm would be available for
orbit transfer and the balance for on-orbit station-keeping/attitude control. These data provide
guidance for required thrust levels and total durations which, along with practical limits on safe
total firing time, aid in selection of thrust level required.

Conventional Technology

Base-line conventional technology for small earth-storable thrusters is repre-
sented by silicide-coated Cb chambers operating with NTO/MMH propellants at Is from 285 to
310 depending on thrust level. A summary of typical thrusters for eight propulsion system man-
ufacturers, both U.S. and foreign is shown in Table 3.1.1-2. This table also shows data for some
advanced thrusters which are under development, to give an indication of some of the present
directions being taken to obtain higher performance.

Advan hnol

The status of advanced technology thruster development, as exemplified by
the Ir-Re chamber technology at Aerojet is shown in Table 3.1.1-3. Others known to be pursuing
this technology recently are TRW and Royal Ordnance. Based on Aerojet’s experience, with
proper design this material system works well and has demonstrated over 15 hours duration at
the 5 1bf thrust level and over 6 hours at the 110 Ibf thrust level, at conventional chamber pres-
sures, with NTO/MMH propellants. Neither of these durations represent upper limits. The
advantage of this material system over Cb is that no film cooling is required, permitting higher
performance for a given propellant and chamber pressure. An alternate approach is being
explored in the U.S. and Russia to develop a higher temperature barrier coating to replace the
slicide coating now used. To match the Ir-Re performance these chambers must be operated at
about 3300°F.

3.1.2  User Survey

A survey of users of small thrusters was conducted in Spring 1993. Forty-six
positive contacts were made with 42 propulsion groups. A total of 63 surveys were sent out; 22
responses were received, a good return for this type of survey. The survey questions and their
answers are given in Table 3.1.2-1, Mission Data, Table 3.1.2-2, Pressurization Systems, and
Table 3.1.2-3, Thruster Systems.

RPT/HO090.134/S "
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Table 3.1.1-3
Acrojet’s Ir/Re Chambers Have Demonstrated Nearly 50 Hours of Hot Firing

5 8.4:1 4,200 2.1 3,638 37 31,369
5 8.4:1 4,100 1.7 14 14 13,016
5 8.4:1 4,300 1.7 157 74 28,426
5 8.4:1 4,070 2.0 2,701 70* >54,431
5 8.4:1 3,920 14 10 9* >926
5 150:1 4,000 1.9 >94,588 32* >4,788
5 150:1 3,607 1.7 >100,000 |- 28 7,735
14 751 3,553 1.9 306 19* >314
14 - 751 Not Tested | NotTested | Not Tested | Not Tested Not Tested
110 22:1/44:1 3,500 1.7 47 45 >3,884
110 22:1/44:1 3,500 1.7 60 57* >16,728
110 286:1 3,391 1.8 89 77" 14,076
110 286:1 3,600 1.65 4 3 8,499
Cutback
10 47:1
110 286:1 Not Tested
Totals | >201610 | 462 >184,192
* Chambers show no evidence of coating loss or cracking due to fatigue. Ultimate life capability not
determined yet. Total firing time = 175,693 sec (48.8 hr).
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Table 3.1.2-1

Mission Data

Survey Results

Mission Data

1. What are your required satellite propulsion system
on-station operability times:

15
14 4
134
124
11
10+
Q =
8 =
7 -
6~
5 =
4-
3-
2-
1-

Number Of Responses

<1 13 46 79 1012 12+

Years

) If you integrate apogee delta V into your sateliite,
- how would you accomplish GTO transfer and GEO
circularization:

154
14 4
134
12 <
11+
10 4
9
8 =
7+
6 =
5
4 =

3
2-
"l

2. Perigee new Liquid Stage
5. New Storable or Cryogenic

1. EHT or Arc Jet
-} 3. Advanced High Isp Electric

4. TOS

Number Of Responses

PAM Centaur IUS Liquid Other
Apogee
Engine (LAE)

3. Please rank the total impulse per satellite require-
ment you anticipate in the near future:

note: the question was ambiguous and results
therefore inconclusive

June, 1993
4. Please rank in order of unsatisfied need for desired
engines (14, 4 = most desired) 12
11+ ' 11
10 4 10
o -9
2 84 -8
g2 74 L7
g 6 L6
[ ]
E 5 -5
O 44 - 4
2 34 -3
E 24 L 2
z 1 - : '1
Rank 1 2 3 4 1 2 3 4
Thrust 1-15 16-75

What is your preferred thrust level

Axial Engine: 90-110 (1)
100 - 110 (7)

100 - 200 (4)

1000+ (1)

Reaction Control Thrusters: <1 (6)

2-5 (9)
>5 (2)
What is your maximum acceptable satellite g level:
<1 (9 2-1 (4 > @4

5. Is throttiability of interest:

Not Interested

Somewhat

very = §

IS T B Pf I N

1 2 3 4 5 6 7 8 910 11 12 13 14 15
Number Of Responses

6. What is your minimum impuise bit (IbF-sec).
< .03 (4) 03-.05 (6) >05 (2)

7. Which is preferred:

Pulse Width
Modulation

Proportional

ISR

N H : : H H H 3 H H H § R H
1 2 34 5 6 7 8 910 11 12 13 14 15
Number Of Responses

H

Page1/6
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Table 3.1.2-1 (cont.)

' Mission Data (cont.)

8. What is your preferred propellant combination:

Number Of Responses

16 4
15 4
14 4
134
12 4
114
10+
9-1

NoO4 NyO,4 NyO, Mono-  CLF5
MMH  Hydrazine M-20° Propeliant

* M-20 = 80% Hydrazine + 20% MMH
(Note: Hy0, / RP-1 of interest 1o 1 respondent)

9. Please provide a weighting factor (1-10, 10 = most
important) for the following propeliant parameters:

Number Of Responses

Number Of Responses

Number Of Responses

11 <
10
9 -
8-
7
6-
5-
4 -
3-
2-
1 2 3 4 56 7 8 9 10
loast imponant most imporian

Performance (lsp)

“NWHEONNN O
4.4 0 2 1 ¢ 1 1}

1 2 34 5 6 7 8 98 10
least impodtant most smportant
Volume (Density)

£ 4 3 4 4 4 4 6 1

= NWHAEONONOO®

1 2 3 4 5 67 8 9 10
least important most important
Satety / Handling

A-12

(9. cont.) Please provide a weighting factor (1-10, 10 = most
important) for the following propellant parameters:

g2 0 1 4 2 02 41 1

Number Of Responses
- WHAENHONOO

9

1 23 4 5 6 7 8 10

loast important most importan
Cost

Number Of Responses
= NWHEONOANOOYO

1.4 0 & 4 2 2 2 {1

1 2 3 4 5§ 6 7 8 9 10
joast mpodant most important
Storage Difficulty

Page 2/ 6



Table 3.1.2-2

Pressurization Systems

1. What is your pressurant for pressure fed systems:

Helium:yes (21 responses)

Other: GN, (5 responses)

2. Have you ever considered a pump fed pressurization
system for you satellite as a means of reducing
weight?

Yes : (9 responses)

No : (11 responses)

3. What is your perception of an on-board pump fed liquid
propulsion system for orbit raising and circularization
as compared to a pressure ted system?

Complexity

1 2 3 4 56 7 8 910111213 14 1516 17181920
Number Of Responses

Weight

1 2 3 4 5 6 7 8 910111213 141516 17181920
Number Of Responses

Envelope

More

iame

Less

1 23 45 6 7 8 910111213 141516171819 20
Number Of Responses

Pressurization Systems

(3. cont.) What is your perception of an on-board pump fed
liquid propulsion system for orbit raising and circular-
ization as compared to a pressure fed system?

Risk / Reliability

1 2 3 45 6 7 8 910111213 1415 16 17 181920
Number Of Responses

Cost

1 2 3 456 7 8 910111213 141516 17181920
Number Of Responses

4. What is your perception of a pump-fed LAE as compared
with a pressure fed system?

Complexity

More
Same
Less

: : M H § H H ( H ; 2 = I 3 : H

123456 7 8 910111213 14151617

Number Of Responses
Weight

More
Same
Less

1 23 456 7 8 910111213 14151617
Number Of Responses
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Table 3.1.2-2 (cont.)

Pressurization Systems (cont.)

(4. cont.) What is your perception of a pump-fed LAE as
compared with a pressure fed system?

More

4 56 7 8 910111213 14151617
Number Of Responses
Risk / Reliability

i

More

3
3

8 910111213 141516 17

1 23 4567
Number Of Responses

Cost

More

1 23 456 7 8 910111213 14151617
Number Of Responses

5. Please rank in order of criticality (1-6, 6 = most critical)
the factors against your use of a pump fed LAE:

Number Of Responses
SN WHBNNOYOO

1 2 3 4 5 6
least critical most critica!

Complexity

Number Of Responses
SNWAOONDO
4 8 8 2 4 41 0 I 1

1 2 3 4

6
least critical most critical

Weight

(5. cont.) Please rank in order of criticality (1-6, 6 = most
critical) the factors against your use of a pump fed LAE:

Number Of Responses
“e WA

1 2 3 4 5 6
least critical most critical
Envelope
13
12 4
@ 11 4
210 -
5 94
g o
o 79
o) g:
2 4-
€ 3-
Z 2 -
1168 ; m I
1 2 3 4 5 6
least critical most critical
Risk / Reliability

[ N OO W W e

Number Of Responses
- PN WH OO

T 2 3 4 5 6

least critical most critical

Cost

6. Based on the assumption that a pump fed LAE could be
qualified for flight in accord with your specifications and
includes a 20 second | g, increase over conventional
chambers (Isp = 310 sec):

Would you develop an on-board propulsion system
to use this LAE:

Yes : (11 responses)

No: (9 responses)

Would you buy a complete system for integration with
your stage?

Yes: (9 responses)

No: (10 responses)

A- 14
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Pressurization Systems (cont.)

7. How much would you be willing to pay for the LAE or the

system as compared to existing designs?

£ 4 0 0 1 1.3 2

Number Of Responses
= NWhHNOoO o

Table 3.1.2-2 (cont.)

9. What sources of energy are available to pressurize the

propulsion system

Number Of Responses

+25% +50% +75% +100%
Acceptable Cost Increase

LAE with I, = 330 sec

4 4 4 ¢t 2 4 ¢ 9

Number Of Responses
=NWAEODNDO

Number Of Responses

+25% +50% +75% +100%
Acceptable Cost Increase

LAE with 10% lower dry weight and 'sp = 330 sec

8. At what minimum chamber pressure (psia) would you consider

pump use:

.1 2 1 2 3 1 1

Number Of Responses
“NWAOLNON®D

Number Of Responses

501-750  751-1000
Chamber Pressure (psia)

100-500

1000+

Solar Cell Electrical (kW):

4 -
3 -

2 -

3 1 2

Yes
Available percent of time:
3
2
u 1
20% 40% 60% 80% 100%
Availability

Available during LEO to GEO transfer:
Yes (8 responses)

No (3 responses)

On Board Batteries (kW):

4 -
3 -
2 -
1 -
15 2 5 Yes
Power (kW)
(kW-hr). 2 (1 response)

recharge time: 6, 8, 12 hr (3 responses)
Available during LEO to GEO transfer:
Yes (6 responses)

No (2 responses)

Are there any other energy sources available?

A= 15

Yes RTG's (1 response)
Pneumatic GHe (1 response)
No (10 responses)
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Thruster Systems

. Please provide a comparative weighting factor 1-10
(10 = most important) for the foliowing thruster
attributes:

Number Of Responses

Number Of Responses

Number Of Responses

= NWHBOOANDO

least smportant

—“~NWABONDNDYDO

least important

“—NWHEONNND O

least important

Number Of Responses
“~NWANON®D

least important

T i 4 4 4 3 1 1

1 2 3 4 5 86 7 8 9 10

most important
- Welight

3 4 & 0 4 0 0 1.1

1 2 3 4 5 6 7 8 9 10

mast important

Packaging Enveiope

1 2 34 5 6 7 8 9 10
most important

Cost

0 & ¢ 4 1 4 & 1

1 2 3 4 5 6 7 8 9 10

most important
Thrust

Table 3.1.2-3

Thruster Systems

(1. cont.) Please provide a comparative weighting factor
1-10 (10 = most important) for the following thruster
attributes:

—
-

10 +

2 91

g2 8-

g 1

@ 6 9

T s

O 4 -

g 31

£ 27

< 1 ] LR [
least important ) most important

lsp

2. Please rank the importance and number of satellite
thruster used per satellite:

Bank #
Orbit Raising / Insertion (LAE) gromeree
: S
Planetary Transfer / Retro « cP(\i °

Station Keeping / Reaction Control (RCT)

3. Do you consider plume impingement to be a major concern?
Yes . (11 responses)
No: (5 responses)
4. Can thrusters be buried if satellite components are shielded
from radiant heat?
Yes: (12 responses)

No : (6 responses)

5. Please provide (if possible) the satellite partials for the following:
Propellant Partial (# payload / # propellant)
1,.21,.3, 5 7, .8 .9,12, 22,6 (10 responses)

'sp Partial (#payload / sec lsp)

3, .4,24,5(2),8.5,10, 11 (8 responses)
6. How much, if any, heat conduction is acceptable from a given
engine through it's mounting structure:
None : (5 responses)
Watts : 50 (1 response)

BTW/hr : some (1 response)

Page6/6
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The overall results can be summarized as described below.

MISSION DATA

P NN W

©

Operating time: 10 to 12 years

Delta V method: liquid engine

Total impulse required: [ambiguous wording; can not interpret]
Thrust level desired: 100 to 150 1bf

Is throttlability required? No

Minimum impulse bit? [ambiguous — answered only for lowest thrust]
Pulse-width or proportional control? Pulse-width

Preferred propellants? NTO/MMH 39%; 32% NTO/Hydrazine; 29%
mono-prop

Provide weighted preference for the following:
» performance: 88% of possible maximum score; ranking = 1.00

Cost: 74% of possible maximum score; ranking = 0.84
Safety: 69% of possible maximum score; ranking = 0.78
+ Storage ease: 62% of possible maximum score; ranking = 0.70

Volume: 59% of possible maximum score; ranking = 0.66

PRESSURIZATION SYSTEMS

1.

2.

Pressurant? Helium
Considered pump-fed? 45% have considered
Pump fed propellant system perceptions:

+ Complexity: 75% believe more complex than pressure-fed
* Weight: about even split on heavier/lighter
* Envelope: about even split on larger/smaller

Risk/reliability: 95% favor pressure-fed

L]

Cost: 95% favor pressure-fed
Pump-fed liquid engine perceptions:

» Complexity: 75% believe more complex than pressure-fed
» Weight: about even split on heavier/lighter
* Envelope: about even split on larger/smaller

w1593
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« Risk/reliability: 94% favor pressure-fed
» Cost: 80% favor pressure-fed

. Rank factors against use of pump-fed thrusters:

Risk: 86% of possible maximum score; ranking = 1.00
Cost: 78% of possible maximum score; ranking = 0.91
Complexity: 78% of possible maximum score; ranking = 0.90

Weight: 54% of possible maximum score; ranking = 0.63

Envelope: 41% of possible maximum score; ranking = 0.48

. If pump-fed specific impulse is 20 sec higher than conventional, would

you:

» Develop a system? 55% yes
» Buy a system for integration? 47% yes

. IfLAE has Is = 330 sec:

 Acceptable cost increase? +25% cost increase acceptable

« Higher performance and 10% lower dry weight: 25% to 50% cost
increase acceptable.

. What is minimum Pc you would consider for pump-use?

 Generally in the range of 500 psia

. Energy sources for pump:

« Solar cells, 1 to 3 kw, available 70 to 100% of time, and, (73% of
responses) available during LEO/GEO transfer

- Batteries, 2 to 5 kw, 2 kW-hr, 6 to 12 hr recharge, 75% have
available during transfer

« Other power sources? None

THRUSTER SYSTEMS

1. Comparative ratings:

« Specific impulse: 95% of possible maximum score; rank = 1.00
+ Cost: 90% of possible maximum score; ranking = 0.94

A- 18



+ Weight: 73% of possible maximum score; ranking = 0.77
¢ Thrust: 71% of possible maximum score; ranking = 0.75
» Packaging: 60% of possible maximum score; ranking = 0.63

2. Rank thrusters by importance and quantity/satellite:
inconclusive responses.

3. Is plume impingement a major concern? Yes
4. Can thrusters be buried if thermally shielded? Yes

5. provide payload mass trades for:

» Propellant mass to payload mass trade-off. Illogi(;al response —
question not clear.

+ Specific impulse to payload mass trade-off. Illogical responses

6. Allowable heat conduction from thruster? None

3.13 nt Applications B n Recen mer RFI/RFP

Active or recently active procurements and potential procurements in the
small earth-storable thruster area within our experience have been reviewed. These programs,
which represent real or potential thruster applications, are listed in Table 3.1.3-1.

Procurements in several of these programs have been or are being finalized;
the balance are in various stages from initial discussions to formal proposal.

The table shows that there are a predominance of 100 1bf-class requirements,
several of which would use NTO/Hydrazine. Three applications have baselined CIFs/AH as
propellants to provide what appears to be the highest performance available in an earth-storable
propellant combination. At present these are considered to be applications where the propellant
is enabling but the total number of spacecraft is small, and significant technology development is
required, both for infra-structure and long-life chamber materials.

The transitory nature of some of these applications is typified by the Bus-1
(LMSC/JFC); this would be used on the Option A Space Station whose design was announced in
late May ‘93 (Ref. 5). The selection between Options A, B and C is scheduled to be announced as
this report is being prepared, although it appears that the propulsion system decision will be
finalized later.

RPT/H0090.138/8 Y1&93
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We see a trend towards NTO/Hydrazine in an effort to obtain higher perfor-
mance than NTO/MMH with minimum change in spacecraft overall design. The driver here is
the spacecraft manufacturer's ability to provide either more capability or lower cost to the space-
craft users to remain competitive.

3.2 SYSTEM PARAMETER SELECTION

The previous Sections have provided the application/user data which we have used to
define the propulsion system parameters out of the wide range of parameter space considered.

As one bound of the problem, the RFP/contract specifies possible and excluded
parameter ranges: As a reference, these parameters and their limitations are summarized in Table
3.2-1.

A large degree of flexibility is permitted; the "hard" constraints are: 'earth-storable’,
'user acceptance and frequency of occurrence’, and not 'divert or attitude control propulsion'.

The results of the parameter selection are summarized in Table 3.2-2; the bases for
the choices are discussed in the following Sections, beginning with an overall review of
spacecraft optimization, followed by selection of operating pressure, propellants, thrust, and total
impulse. Included is discussion of the cost impacts which must be considered to assure a viable
propulsion system which will actually be accepted by spacecraft manufacturers.

3.2.1  Systems Optimization

Selection of the specific operation points in the multi-parameter space which
defines the engine system requires an understanding of its effect on the spacecraft system. We
have conducted system trade studies which show the effect of chamber pressure and spacecraft
pressurization system design on spacecraft performance. These system studies use our ELES
computer code for propulsion system design and optimization. The engine performance parame-
ters used in the code are given in Section 3.3.1.

We determined the weights of pressure-fed and pump-fed propulsion systems
as a function of chamber pressure for large and light-sat applications. The comparison for a large
spacecraft (8000 Ibm launch weight) is shown in Figure 3.2.1-1. The mass of the pump-fed sys-
tem is very nearly constant over the Pc range to 500 psia, while the pressure-fed system shows a
nearly linear increase in mass.

RPT/H0090.138% D
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Figure 3.2.1-1. Large Feed System Mass is Associated With Pressure Fed
Propulsion Systems
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A range of design options, including pressurization system choice and tank-
age design were investigated to determine an optimum. These data are summarized in Figure
3.2.1-2, showing their effect on payload mass for an Intelsat 7-class craft using NTO/MMH;
payload weight is shown relative to the best case: pump-fed, aluminum tanks, operating at 500
psia Pc. The study shows that the best pressure-fed system optimizes at about 135-150 psia Pc,
with composite tanks, with about 140 1bm lower payload than the reference case.

The effect of changing from MMH to hydrazine for the same set of design
conditions is shown in Figure 3.2.1-3. For this set of conditions there is a 17% increase in pay-
load for the pump-fed system at 500 psia, and a 19% increase for the pressure-fed system. Also,
the lower kinetics losses for hydrazine are evident in the pressure- fed system at low pressure,
which optimizes at about 115 psia. The effect of chamber pressure on pumﬁ- and pressure-fed
systems is illustrated in Figure 3.2.1.4 which compares spacecraft with gross low orbit weight
(GLOW) of 1000 and 8000 Ibm. As would be expected, the payload fractions are much larger
for the larger system, by a factor of about 2.3

As a part of the ELES optimization, engine parameters are determined as a
function of operating condition. The effect of chamber pressure on engine mass for a thruster
designed to have minimum mass is shown in Figure 3.2.1-5 as a function of area ratio.

The effect of chamber pressure on engine envelope is shown as a function of
area ratio in Figure 3.2.1-6. This in turn is used in the program to determine interstage, fairing
and shielding weights.

It should be kept in mind that these studies are for 'flexible' spacecraft, which
change design with assumed operating condition. For a predetermined spacecraft design, the
optimum operating point for a pressure-fed system is at maximum design operating pressure for
the existing tanks, which entails only an increase in helium supply system mass. On the other
hand, for a pump-fed system, maximum Pc is set primarily by the amount of electrical power
available for the pumps. The basis for chamber pressure selection is given in the next section.

3.2.2 Chamber Pressure Selection

A major objective of this program is to develop and demonstrate the technol-
ogy for operation at high chamber pressure. "High" has not been defined, but is a resultant of
what is technically feasible, what is 'salable’ to spacecraft users, and is certainly higher than the
100+ psia range of conventional thrusters.
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As shown is the previous section, with a conventional pressure-fed system,
optimum chamber pressure is at about 150 psia for a reference Intelsat 7-type spacecraft. With
pump-fed systems payload is still increasing slightly with pressure at 500 psia. The pressure-fed
analysis assumes tanks are designed for the specified operating chamber pressure, while the
pump-fed case assumes minimum gage tanks operating at the required suction inlet pressure.

In fact, pressure-fed spacecraft propulsion systems generally do not take
advantage of the tank capabilities. Although capable of safe working pressures of typically 400
psia, they are routinely operated at lower pressures and often over a very wide pressure range; a
typical example of this is the Bus-1 tank pressure schedule (Fig. 3.2.2-1), from Ref. 6. This
eases the job of the spacecraft designer, but makes it difficult for the prOpulswn designer to
deliver maximum performance. This pressure range is the result of 1) use of a blow-down system
with few or no repressurizations, 2) use of on-off pressurization valves (to avoid unreliable regu-
lators) with a wide reset band, or 3) use of regulators with a wide dead band.

There are two limiting applications for high pressure thrusters: those which
use existing pressure-fed propellant delivery systems, and those which would use low pressure
tankage and pump-fed systems.

Pressure-Fed

Existing propellant tankage can supply propellants to thrusters operating at
significantly higher chamber pressure with relatively minor changes to the pressurization system
and no structural changes. Table 3.2.2-1 compares operating pressures of several spacecraft pro-
pellant delivery systems and the corresponding maximum chamber pressure potential. The
thruster pressure schedule which would permit this shows that the upper practical limit for this
approach is about 250 psia chamber pressure. To operate in this mode would require tight control
of tank pressure (+-20 psi is practical). Since the thruster would necessitate a low delta P injec-
tor design, it would be closer to its chug instability limit, as discussed in Section 3.3.3.

mp-F

Numerous pumping schemes have been considered for this application. Pump
power in the range of several horsepower is required. Gas generators, topping cycles or pre-
burner cycles involve too much performance loss and added complexity at this thrust level. The
only other potential pump power source on board the spacecraft is electrical, from the solar pan-
els. As seen in the survey results (Section 3.1.2) electrical power in the 2 to 3 kw range is

RPT/H0090.13%11 new
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practical now on many systems. In the future, arrangements could be made to provide more.
The pumping power requirements for a specific engine system are shown in Figure 3.2.2-2,
which shows that a chamber pressure of 500 psia could be achieved with typical available power
levels.

In summary, we have defined two levels of high chamber pressure: 250 psia
for thrusters to be fitted to existing spacecraft propellant delivery systems, and 500 psig for new
spacecraft where tankage and propellant feed system design is open.

3.2.3  Propellant Selection

- Given the need to employ earth-storable propellants with high performance, a
relatively restricted set of choices is available. These possible combinations, along with two
common and one exotic cryogenic combinations for comparison, are shown in Table 3.2.3-1.

The table compares one-dimensional equilibrium (ODE) performance at
common reference conditions. Actual delivered performance rankings change significantly, as
will be discussed more fully in Section 3.3.1, Performance Determination.

All of the storable propellants are high in cost relative to cryogenics, so there
is no clear cost discriminator here for selection. The survey responses for NTO/AH or MMH
and CIF5/AH are shown (neither H2O2/AH nor the cryogenics were given as options in our sur-
vey). The survey responses were nearly an even split on hydrazine or MMH as fuels; no one
selected CIFS as their preferred oxidizer.

User acceptance is good for either hydrazine or MMH with NTO; it is nil for
the other propellants in the applications of interest.

Some logistics impacts of propellant choice which are specific to ease of
conducting our hot fire testing are shown in the table. Costs of testing are minimized if they can
be conducted in our A-Area small thruster facility; this is practical for both NoHs or MMH. CIFs
testing must be conducted in the J-Area; environmental regulations limit us to a maximum of 22
Ibm ClFs/day. This corresponds to about 110 sec of firing per day with CIF5 oxidizer, while the
storage limits in the A-Area permit 1600 sec/day with NTO oxidizer. Ultimately the infrastruc-
ture, i.e. environmental permits, propellant handling and production capability may be developed
to permit conduct of a program such as this with CIFs; at present they are not.
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As indicated in the table NTO with either MMH or AH meet the program
basic requirements. However, considering the time frame of this program, the nitrogen tetrox-
ide-hydrazine combination has been chosen because of its potential of providing an Is greater
than 330 sec while allowing both dual mode operation and electrical augmentation.

Choice of hydrazine has a moderate impact on propellant costs relative to
MMH, both because of the slightly higher unit cost and the larger amount required at its opti-
mum mixture ratio. Programmatic effects of propellant change are discussed in Section 4.

3.24 Thrust Class Selection

As shown in the survey results the majority of the users expressed a prefer-
ence for the 100 Ibf class thruster for their spacecraft. In addition, recent procurement activity
has emphasized this thrust level (Table 3.1.3-1). Finally, as will be shown, the preferred appli-
cations require large total impulse which convert to unrealistically long burn times at lower thrust
levels.

Choice of 100 Ibf as the design point rather than the 14 Ibf thruster (which
would have been operated at a nominal thrust of 22.5 1bf for this program) has an impact on pro-
pellant usage that will be minimized by reducing testing and hardware fabrication where
practical, as discussed in Section 4.

3.2.5 Total Impulse Selection

Total impulse, thrust level, total quantity of propellant burned, and maximum
reliable total burn time are interrelated as shown in Figure 3.2.5-1. This figure also shows pro-
pellant quantities for three spacecraft: Iridium, the Hughes-601 bus, and the LMSC Bus-1.

The figure also shows the presently demonstrated maximum burn time of 15
hours for the Ir-Re system. At 100 Ibf the Hughes- and LMSC-class engines will require less
than 15 hours in flight; it should be noted that the spacecraft manufacturers typically require
demonstration in Qualification testing of 150% of maximum expected flight burn time.
Excessively long burn times would be required for the 15 Ibf-class thruster.

3.2.6 Engine Cost Considerations

Recent experience with competitive procurements for this class of engine
show that cost is given more emphasis than would be indicated by the user survey. The
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conventional thruster of this type uses silicide-coated Cb. Because of significant differences in
cost of the basic raw materials, Ir-Re chambers must always be more expensive than Cb
chambers. This is illustrated in Figure 3.2.6-1, which plots basic raw material costs for seven
different chamber material systems. These are small quantity prices and do not reflect the cost of
the actual precursor required or the fabrication costs.

During cost studies made on a recent Aerojet program (Ref. 7), the cost of the
reference AJ10-221 Ir-Re engine was analyzed, both with "conventional" and low cost
approaches. The relative cost of the six factors which make up the engine expense: chamber,
valve, injector, nozzle, component assembly, and acceptance test are shown in Figure 3.2.6-2.
This shows that by far the largest cost factor is the chamber, about 45% of the total engine cost.
Since in principle the valve, nozzle and test could be the same as for a conventional engine, the
chamber is obviously the area which must be worked the hardest and will get no benefits from
further cost reductions in conventional engines.

Cost Savings

The unavoidable higher costs of the Ir-Re thruster are offset by the life-cycle
cost savings which result from its higher performance. In the spacecraft applications, savings can
take one or a combination of three forms. The higher performance can provide more spacecraft
life due to the availability of more station-keeping/attitude control propellant at orbit insertion.
The effect of this first form of revenue enhancement is shown in Figure 3.2.6-3. Increased rev-
enue relative to normal spacecraft life (based on a Cb chamber delivering Is=315 sec) is shown
for four engine configurations. The "standard" AJ10-221 Ir-Re chamber, operating with
NTO/MMH at Pc=100 psia would increase total revenue from transponder leases by 10%.
Changing to hydrazine with the same chamber pressure would result in a revenue increase over

the baseline of about 18%. Operating this propellant at a chamber pressure of 250 psia would
give a 22% increase, while a 30% increase would result for operation at 500 psia.

Because no savings are realized until the end of the normal spacecraft life,
because of the uncertainties in projecting the likelihood of shortened life due to other subsystem
problems, and because of the unknown demand for transponder channels ten years hence, this
approach to revenue enhancement is not attractive to company financial officers.

The second revenue enhancement approach is to plan on normal design life
for the spacecraft and to obtain a rebate for the off-loaded excess propellant. For Ariane this
savings is about $10,000/bm. The magnitude of this savings, which is much less than that
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achievable from longer life, is shown in Figure 3.2.6-4, as a function of total impulse of the
spacecraft. The same four advanced thruster cases are compared to a conventional Cb engine at
Is=315. Three typical spacecraft, Iridium, H-601, and Bus-1 are indicated on the graph. The
trivial savings for the Iridium case indicates why that class of spacecraft is not a suitable candi-
date for the high performance thruster, from the standpoint of cost savings.

The incentive to the launch agency for making this rebate is that it may make
it possible to put an additional (paying) spacecraft on board. Since this is an upfront return to the
spacecraft manufacturer, obtained regardless of outcome of the launch or life of the craft, this
option is expected to be selected.

The third class of savings relates to cases where a prime can off-load suffi-
cient mass so that launch on a less expensive vehicle is possible, such as dropping from a Titan
to an improved Atlas. This is more difficult to quantify but is a definite option.

3.3 CONCEPTUAL DESIGN CRITERIA

The application/parameter space choices discussed in Sections 3.1 and 3.2 have been
used to develop design concepts for high-pressure, earth-storable flight thrusters. Since two
ranges of potential Pc have been identified as practical, two concepts have been prepared. These
concepts are compared to our reference engine, the AJ10-221 Ir-Re, 286:1, 490 N engine devel-
oped in Ref 8.

The purpose of these concepts is to provide a signpost to guide the program towards
Task 11, Option 3, where the flight thrusters will be designed, starting in December of 1996.

The appearance of the two concepts relative to the AJ10-221 is shown to the same
scale in Figure 3.3-1. The details of the thruster designs, their operating conditions, and expected
performance are shown in Table 3.3-1. The two high pressure concepts have been labeled 1A
(250 psia Pc), and 2A (500 psia Pc). The chamber pressure increase has resulted in an over-all
decrease in thruster size. As will be discussed in the stability section, the 250 Pc case has not
shrunk in chamber dimension because stability considerations require that sufficient chamber
volume be provided to maintain stability at its relatively low injector pressure drop.
Conceptually, the 500 psia case has been allowed more pressure drop, although it is constrained
by available electric power.

RPT/HO050.138/15 e



peo 40 41/000°01$ *od 001
‘49-HINW - @seg ‘leuoljuaAuo?) sA ay-i| sbuines 1so0) ‘p-9'2'¢ aunbi4

- 00S=9d/HY —<«— 0S2=9d/HY - 00}=9d/HY —=—00}=9d/HNIN —=—

(suolpn)
g4580dIH D3S-491 'ISTINdWI TVLOL
14 GE € G¢e 4 Gl __‘ ¢o
~
e G
L "
\\\\\\\\\\\iw \\\\ \\ \ n au\vu
o 14

-
109-H STHONH 9 2 ﬁ
P » | , m
\ I m:m s Z
8 @)
L
6 v

ot

45



eysd 006 =°od
v 1deduo)

sau

1bu3z 1900y 1desuo) ybi4 pue 3dudidjay

ejsd 052 = 9d
v ideduo)

"1-¢"¢ ainbid

visd y11 =9d
12201V :aujbu3 aduasejey

A- 46



sugisa(q jemdaouo)) 1oj siseq

[-¢°¢ SIqeL
YN NDIS3A 1V 300 O1 3AILV13Y [€]
‘M) € 1NOBY LV 3 LINIT HIMod (2]
‘VISd 00¥ ~ Si SHNVL DNILSIX3 HOd 3UNSSIHd XYW TVOIdAL [1]
oy-i| LSOD-MO1 eY-i| 1S00-MO1 ey-1| IVIHA LYW HIGAVHD
oSt S (OTv0) se (win 'avislisd 'd V1130 HOLOArNI WNWININ
IS0 124 Yg! NI 'VIQ HI8WYHD
89£°0 1250 v08'0 NI 'vI0 LYOUHL
1e X3 2P N
X 1 ¥ OlLVY NOILOVHINOD
'PNI1L $371883d ANVITHYE 3SN ANIZVHOAH YO 122041V 3ONVIvE-3d 2-9N/S HOLOArNI
didL Y4-WNNILY1d G31000-WHd ONILVOD 'HHYE ‘HIHL+'S'S N3D34-13Nd '$'S N3©34-13N4 N©IS30 AN3 INOHA
2i< 2i< 9< SHNOH ‘3411 NOIS30
00€ 00€ 982 OlLVY Vauv
1500 MO 1S00 MO HOLOW3NDHOL DOOW IATVA
Q8L Qel 0l WET 'THOIEIM XVIN
s 1'02 o€ HLONIT XVYIN '3dOT13ANS
g9 26 8'c1 NI VI XYW '340T13AN3
0S6€ 06.€ oeee 40 '3HN1vHIdWIL HIGWVHO
9E'e S5') 1 fo't=122-01rv] Xn14 1¥3H LYOHHL 03ZITYWHON
8'9 €6'0 i [o'1=122-01rY]) XN73 LVaH YABWVYHO Q3ZITVIWHON
b6’ €6’ 16°0 {e] AON3I01443 H3LSNHHL
10’1 520} ! (0"t =122-01rv) IONVINHOH3d 8| G3ZINVWHON
02.8 0595 00SS 035/14 '«0
gee 0Ee 8'12e 038 's|
$37883d INVTIiHE 122-0LY 03dS 1dr sisva Nois3a
INIZVIAQAH/OIN INIZVHGAH/OLN HWIW/OLN S1NVI13dOYd
001 001 OFl 387 '1SNYHL
00S 0s2 Gil ViSd '>d NoIs3a
[2la33-dWnd °d ‘XY ~ [11SMNV1 ONILSIX3 HLIM 9d XYW ~ 03dS dr VIHILHO NOILOII3S 3HNSSIH HIBWVHD

VT#

Vi#

JONIHIJTH] 122041y

=N9IS30 LdIONODJ 3dAL L1HOITY

€658

SNOIS3A TVNLdIONOD HO4 SISva w04

A- 47



REFERENCE ENGINE

The reference engine is the AJ10-221 thruster developed by us on NAS3-25646. It
has a nominal thrust of 490 Newtons at a chamber pressure of 115 psia, using NTO/ MMH
propellants at MR 1.65. With a 286:1 nozzle it has a demonstrated performance of 321.8 sec. The
chamber is Ir-lined Re with a fuel-cooled front end, a 92-element platelet injector, and a silicide-
coated C-103 skirt. The chamber has been fired for over 6 hours without sign of damage. The
development of this engine technology has been described in Refs.9, 10, and 11.

CONCEPT 1A

This engine is directly scaled from the AJ10-221. It uses the same basic injector, with
design improvements to lower its fabrication and test costs, and changes in hydraulic balance to
optimize it for minimum pressure drop operation, with NTO/hydrazine, at much higher chamber
pressure.

The throat diameter has been reduced to give 250 psia Pc at 100 1bf. To provide sta-
bility at low injector delta P, chamber volume has not been reduced. The cooled front end has
been modified by adding a thermal barrier of plasma-sprayed zirconia, which reduces the heat
transfer to the fuel and provides improved thermal margin.

Increasing the chamber pressure will result in an engine envelope length reduction of
about 30% (9 in.) and a diameter reduction of 33% (4.5 in.). Because of the pressure increase
and propellant change, performance has increased by 2.5% (8 sec).

The new design will use low-cost solenoid valves. It will require low-cost fabrication
and assembly techniques for the Ir-Re chamber and C-103 skirt to be competitive. To assure
adequate stress margins, the throat section will be increased locally from the 0.07 in. of the
AJ10-221 10 0.25 in.

CONCEPT 2A

We have recently received a contract to build and test an engine design previously
prepared for the SDIO Brilliant Pebbles project. The nominal operating point of this thruster is
100 Ibf at a chamber pressure of 500 psia, using NTO/hydrazine, which exactly matches the
requirements of case 2A. This engine will be built and tested during the next 12 months, so its
status will be well demonstrated before flight engine design begins in Option 3. Therefore, the
Case 2A concept is based on the use of the Brilliant Pebbles divert thruster injector.

RPT/HO090.138/16 &9
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This concept is assumed to be pump-fed to enable it to achieve the full advantages of
the 500 psia chamber pressure. It is projected to have a delivered specific impulse of over 335
sec, about 4% increase over the reference engine. Because of the substantial reduction in cham-
ber diameter, the chamber heat transfer is nearly 7 times that of the reference en gine. For this
reason, the chamber will use a Pt-Rh film cooled trip for front end thermal management. The
chamber diameter will be about 0.12 in larger than Brilliant Pebbles to accommodate the trip
without excessive pressure drop which otherwise would occur at the high subsonic chamber
Mach number.

The Brilliant Pebbles injector is a titanium platelet design with splashplate elements.
The BP carbon composite chamber will be replaced with the Ir-Re chamber to provide the much
longer life required for our applications. The nozzle skirt can be either C-103 or carbon com-

posite.

Some of the considerations which guided these concept designs from the standpoint
of performance, heat transfer, and stability are discussed in the following Sections.

3.3.1 Performance Determination
Predicted Performance

Performance predictions for different engine designs, propellants and
operating conditions are calculated using JANNAF methodology. The results of these calcula-
tions for the two engine concepts are shown in Table 3.3.1-1.

The performance prediction procedure can be followed stepwise down the
table. First, theoretical performance is calculated for the propellant combination of interest, as a
function of mixture ratio, area ratio, and chamber pressure, assuming one-dimensional isentropic
expansion of the combustion products, which remain in chemical equilibrium. This produces the
ODE performance. This value, and the results of subsequent calculation steps, are illustrated in
Figure 3.3.1-1, which compares results for MMH and hydrazine at low and high pressure.

Next, a more realistic gas composition is calculated, using finite reaction rate
kinetics and the performance is re-determined. Because reactions such as H+H=H5 and
0+CO=COz do not go to completion, less potential energy is available for conversion to kinetic
energy in the nozzle, and therefore the ODK performance is lower than ODE. The effect of
chamber pressure and mixture ratio on kinetics efficiency is illustrated in Figure 3.3.1-2.
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The "perfect” injector performance is then calculated. The ODK perfor-
mance is reduced to account for boundary layer losses, (thermal and friction), and nozzle diver-
gence losses, since the optimum nozzle design normally does not produce parallel flow at the
exit. The effect of increasing chamber pressure is to reduce boundary layer loss, as illustrated in
Figure 3.3.1-3. The perfect injector performance must then be penalized for the effects of mixing
losses caused by vaporization delay and imperfect mixing and reaction of the propellants. This
latter term is significant for thrusters which purposely employ non-uniformity in the form of fuel-
film cooling (FFC) to lower the chamber wall temperature. The effect of the mixing loss on per-
formance is shown in Figure 3.3.1-4, for MMH and hydrazine, for a range of 0 to 20% FFC.

_ Accounting for the energy release efficiency (ERE) gives the expected deliv-
ered performance of the thruster. This process gives a performance prediction which is in close
agreement with measured test data.

Experimental Performance

We will determine thruster performance in this program by measuring thrust
directly and correcting for measured ambient pressure. The correction term is small, well under-
stood, and straightforward to apply.

An alternate approach which is employed is to determine performance from
measurement of chamber pressure and use of a thrust coefficient for the nozzle. These two
approaches are compared in Table 3.3.1-2.

Both approaches require accurate measurement of propellant flow rate. The
direct measurement approach requires accurate measurement of thrust, which is a technology we
have in hand, and follows the JANNAF performance determination procedures. It permits com-
parison of thruster performance between test facilities on the same basis. The C*-Cf approach
requires knowledge of several parameters, Pc, At, and Cf which are not easy to measure or calcu-
late and is therefore subject to large uncertainty.

Combustion Efficiency

A consistent definition of combustion efficiency can be derived by
combining the predicted and measured vacuum specific impulse. For example "thruster effi-
ciency" can be defined by the ratio of (Measured Is)/(ODE Is)*100; this parameter is shown on
Table 3.3.1-1 for the three thrusters.

WPT/HO090.138118 w1593
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3.3.2  Heat Transfer Determination

Table 3.3.1-1 includes the results of thermal analysis conducted to compare
the heat flux and chamber temperatures of the reference engine to the two concept thrusters.

Summary

A series of parametric thermal analyses were conducted to establish the rela-
tionship between operating pressure and the maximum chamber wall temperature for a radiation
cooled 100 1bf thrust iridium lined rhenium chamber. The simplified two dimensional heat trans-
fer model was calibrated by comparing the predicted maximum chamber temperatures with the
extensive hot fire test data generated from existing iridium lined rhenium chambers tested with
NTO/MMH propellants at 110 psia. Parameters investigated in this analysis are: chamber pres-
sures up to 500 PSIA, a change of fuel from MMH to NyHy; and increasing the chamber wall
thickness to withstand the higher operating pressures and temperatures. A design limit of 4000°F
was placed on the chamber material.

The model was successfully able to match the test data using existing Aerojet
analytical methods for low thrust engines, [Ref. 12]. The analyses indicated that chamber pres-
sures of up to 500 psia could be employed, without exceeding the imposed 4000°F, without the
use of fuel film cooling. Increasing the chamber wall thickness was found to be effective in
reducing the maximum temperatures as a result of the two dimensional heat conduction effects in
the throat region.

Method of Analysis

Gas Properties

The combustion temperature and thermodynamic and transport properties;
specific heat, viscosity, thermal conductivity and Prandtl number were computed from the stan-
dard JANNAF codes as a function of chamber pressure and mixture ratio. The selection of the
appropriate property states; i.c. equilibrium or frozen, for the analysis, was based on previous
calibration experience, as shown in Figure 3.3.2.-1 and Table 3.3.2-1.

During calculation of performance parameters, heat transfer design data are
also calculated. For example, combustion temperature for NTO/MMH and NTO/hydrazine is
plotted as a function of chamber pressure and mixture ratio in Figure 3.3.2-2.

RPT/H0090.138/19 w193
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Convective Boundary Conditions

The convective thermal boundary conditions at the maximum wall tempera-
ture location, a short distance up stream of the throat, were computed using the simplified lami-
nar boundary layer procedure of Ref. 6. This included the application of the recommended 1.3
multiplier to account for the strong pressure gradients and wall cooling effects in the near throat
and throat region.

The thermal heat loads at the chamber head end and cylindrical region were
also computed by the method of Ref. 6 using the prescribed method of Bartz for the turbulent
combustion region where the injector design strongly influences the heat transfer rates. An
experimental heat transfer enhancement factor of 1.24 was applied for the splash plate injector.
This value was obtained from the experimental data of Refs. 13 and 14.

Wall Conduction

The selected two dimensional heat conduction model represents the radial
heat flow in a thick wall cylinder convectively heated on the inside, and radiation cooled on the
outside. Axial heat conduction along the length of the chamber was not considered as being of
great enough significance at this time to justify the additional analysis costs. The thermal con-
ductivity of rhenium was taken from published data including supplier and handbook values.
Differences of more than 20% could found between references, none of which were for the spe-
cific crystal form of CVD rhenium. An average value of 0.000607 Btu/(sec.-in -°F) for wrought
material, at 4000°F, was employed for the analysis although it is suspected that the high purity
and columnar structure of the CVD material make this a conservative selection. The thin iridium
liner was assumed to have the same thermal properties as the rhenium.

Radiation

Radiation from the dentoid external surface of CVD rhenium was based on
the experimental calibrations of Ref. 13 which indicated that the surface behaves as a black body.
A view factor of 0.9 was found to provide an excellent calibration with the test data.

ibration

A base line calibration analysis of the 110 Ibf iridium lined rhenium engine
operating at 115 psia at a mixture ratio of 1.65, case 1 of the thermal design studies, resulted in a

RPT/HO090.138/20 mrs
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predicted wall temperature of 3380°F which is about 20 °F higher than the measured values for
these test conditions, Ref. 14.

The chamber region heat transfer coefficients and resulting heat flux exactly
matched the test results, based on the fuel regenerative coolant temperature rise, Ref. 14, when
the 1.24 factor is applied as discussed above.

Results

Two new design configurations were evaluated for the new high-perfor-
mance, high-pressure engines using N2Hy as the fuel.

The first new configuration, case 2, has a maximum operating pressure of
250 psia, a mixture ratio of 1.15, and delivers an Isp of 330 sec. at an area ratio of 300:1. The
throat diameter for this configuration is 0.521 in. and the chamber diameter is held at 1.7 in.
which is the same as the reference 115 psia design.

The predicted maximum wall temperatures, as a function of wall thickness

are given in Table 3.3.2.-2.
Table 3.3.2-2.

Chamber Maximum Wall Temperature vs
Thickness At 250 PSIA, MR= 1.5

Wall Thickness in. Maximum Chamber Temperature °F

0.104 3860
0.156 3830
0.262 3790
0.521 3700

The maximum temperature is noted to be slightly sensitive to wall thickness.
The two dimensional heat conduction within the thicker wall provides a slight benefit in reducing
the maximum temperature value. Note the wall thicknesses of the previously tested chambers
ranged between 0.060 and 0.070 in.

The chamber region heat flux to the fuel regeneratively cooled region was
calculated for two configurations; one with a cool metal wall at 500 °F, and a second with a
thermal barrier coating assumed to operate at a surface temperature of 2500°F. The chamber

RPT/H0090.1302) mnen
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region heat flux and the advantage of the thermal barrier coating in reducing the heat flux is
given in Table 3.3.2-3

The second new configuration case 3, has the same thrust and mixture ratio
as the first higher pressure design, but is designed to operate at a chamber pressure of 500 psia.
This design will deliver a specific impulse of 335 sec. This results in a still smaller throat
diameter, 0.368 in. The chamber diameter has been reduced from 1.7 in. to 0.57 to miniaturize

the engine. The relation between wall thickness and maximum temperature is given in Table
3.3.2-4.

Table 3.3.2-4

Chamber Maximum Wall Temperature vs Thickness
At S00 PSIA, MR= 1.15

Wall Thick . Maxi Chamber T: oF
0.184 4078
0.368 3997
0.551 3950
0.736 3926

The optimum thermal design for this pressure will provide a wall thickness at
the throat of between 0.3 and 0.5 in. Thicker values can be used but will probably result in
excess weight and cost for this material.

The calculated chamber region heat transfer parameters for case 3 are given
in Table 3.3.2-3. The reduction in chamber diameter has resulted in a much higher heat flux,
even with the addition of the thermal barrier. Itis therefore unlikely that the regeneratively
cooled head end design approach can be employed. The use of a highly fuel film cooled head
end design with subsequent elimination of the coolant using the patented "Two Stage

Combustor” design represents one potential approach to eliminating the cooling associated loss
in performance. Another is to use a larger chamber diameter, i.e. as in case 2.

RPTM0%0.13%2 nen



Recommendations

The initial heat transfer verification test program will be configured to verify

these predictions along with the chamber wall chemical compatibility which is considered to be
less predictable. '

3.3.3  Suability Considerations

The reference thruster and the two flight concept designs incorporate splash-
plate elements that have been well characterized with regard to both high frequency and chug
instability. Therefore, stability assessment simply requires examination of chamber pressure
measurements obtained with Kistler and Taber pressure transducers. The high frequency Kistler
pressure transducer will be close coupled to the chamber and monitored up to its frequency limit
of about 25kHz since such high resonant frequencies are possible with 100 Ibf-class thrusters.

The splashplate element used in the concept injectors is well-characterized
from a combustion stability standpoint. Table 3.3.3-1 shows some of our stability experience
with injectors in the 0.5 to 6000 lbf-class. The splashplate element exhibits an "injection
coupling” mode of instability and, therefore, its stability characteristics are a function of its

injection time lag, injection stiffness (delta P/Pc), and the acoustic resonance frequencies of the
thrust chamber.

The splashplate element is ideally suited for our high-pressure earth-storable
concepts because we can change its injection response and stiffness by appropriate changes in

nozzle throat size and thrust level (that is, flowrate and, therefore, injection velocity and delta
P/Pc ratio).

This relationship is shown for the proposed engines in Figure 3.3.3-1. The
shaded zone shows the chamber resonant frequencies and response for chug, 1L, 1T and 2T
acoustic modes for case 1A (approximately 5400, 14,000, and 23,300 Hz, respectively).
Basically, an engine operating curve which intersects the shaded zone could operate unstably at
the indicated resonance, with a magnitude of instability which depends on system damping.

Our standard injector/chamber design uses an acoustic resonator tuned for the
first tangential mode to provide additional stability margin through added damping for this mode.
The upper curve shows the approximate range of test bed operation when throttled from an initial
condition of Pc=100 psi, F=150 Ibf. The lower curves show the operation with reduced throat
size/higher Pc. At a chamber pressure of 100 psia the engine has very stiff propellant injection

RPT/H0090.138/ 23 1343
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(delta P/Pc=1.8) and therefore will provide stable operation. When the chamber pressure is
increased through nozzle size reduction at a constant thrust level, the injection delta P-to-Pc ratio
will decrease in proportion to the chamber pressure increase. Operating points at Pc= 100, 200,
and 400 psia are noted on the figure; all are in the stable operating region. At the high Pc condi-
tion, the delta P/Pc is 0.2 and damping is required for the first tangential mode which occurs near
15kHz.

The concept 1A injector will be stiffened somewhat from the AJ10-221
design in conjunction with rebalancing for hydrazine; a compromise position must be taken to
provide operation at low delta P while allowing an acceptable range of stable operation at off-
design conditions. The results of stability calculations made for the reference engine and several
concept engines are shown in Table 3.3.3-2 which gives the 1T and 1L values for these cases.

In our Task 2 and Task 4 rocket testbed testing we will measure engine
stability and explore the complete operating range to determine if the design will be stable in the
flight engine under its required range of operating conditions.

RPTAN090.1382¢ -A- 68 s



Thrust
Pc

€
Dc
Dth
CR
Isp
doy

AP/PC

AP (psid)
V£ inj (fps)
Vo inj (fps)
dcomb (in.)

Tf (sec)
Tox (sec)

freqs
freqox

Freq 1T (Hz)

Freq 1L

L’ (in.)

Ne
Propellants
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Table 3.3.3-2

Results of Stability Calculations for the
Reference and Concept Engines

Concept 1B
AJ10-221 Concept 1A (L.DD
100 Ibf 100 100
115 psi 250 250
286 300 300
1.71 1.71 0.92
0.81 0.52 0.52
4 11 6.2
321 330 335
3115 .3030 .298
3 3 3.
35 75 75
72 105 105
60 88 88
08 .08 04
000093 0000635 000032
000111 000076 .000038
5400 7875 15750
4500 6600 13200
15600 15600 29000
5428 5428 11400
42 42 2.0
92 92 162
NTO/Hydrazine All Cases
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Concept 2A

rilliant Pebbl

100
500
300

0.65
0.37
3.1
335

298

150
148
124

0000225

.000027
22200
18600
41000
11400
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4.0 RECOMMENDED TECHNOLOGY PROGRAM
SUMMARY

The recommended technology program is described in the Basic Contract Work Plan,
Rev. 1.0, September 1993. This revision to the August Work Plan, submitted along with this
Task 1 Report, recommends changing the nominal thrust level for the program from 22.5 1bf to
100 1bf and changing the fuel from monomethylhydrazine to hydrazine. To remain within the
contract budget, the plan recommends some reduction in testing and elimination of procurement
of spare testbed test hardware. '

We believe that, given successful results during the Basic program, further revision to the
plan for the Options would be feasible and beneficial. With positive results in hand from the
Basic program, it should be possible to accelerate the pace of the Options while emphasizing the
cost reduction aspects of the thruster technology, allowing earlier demonstration of flight-type
rocket engines of a form suitable for user acceptance. These possibilities will be explored as the
Basic Program progresses.

THRUST LEVEL CHANGE

As discussed in Section 3.2, detailed consideration of user requirements and technical
limitations make the 100 1bf-class the area of highest possible user acceptance. A trend towards
smaller spacecraft/lower axial thrust which we had believed to be developing is not supported by
our most recent data sources. Where downsizing is evident (e.g., Iridium), the low total impulse
eliminates the advantages of high pressure operation. There are secondary considerations: high
performance ACS thrusters show no payoff for the ACS function but can result in reduced
launch insurance costs since they would permit recovery from a delta-V engine failure with little
loss in spacecraft on-orbit life. However, this is not a first-order benefit. The other evidence of
thruster size reduction is from 200 Ibf to 100 Ibf.

The effects of the thrust level change on propellant requirements are shown in Table 4-1,
which includes the effects of fuel change to hydrazine and recommended reductions in total
firing time.

We have 100 1bf-class testbed hardware which will be used instead of the 14 Ibf testbed. It
will require modification for the Task 2 tests to include provision for interchangeable throats. At
the 100 1bf thrust level our first preference for front end design is fuel regeneratively cooled.
Again, we have a 100 Ibf testbed cooled trip. To assure safe therrmal management with

RPTAR00.13425 M
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PROPELLANT UTILIZATION
REV. 1.0 AND N/C WORK PLANS

PROGRAM NO-CHANGE WK PLN REV. 1.0 WK PLN
NTO MMH NTO AH
lbm Ibm Ibm Ibm

BASIC 185 96 231 192

OPTION 1 66 33 106 85

OPTION 2 991 498 833 705

OPTION 3 811 421 586 467

TOTALS, Ibm 2,053 1,048 1,756 1,449

Table 4.1

Propellant Utilization Rev. 1.0 and
N/C Work Plans
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hydrazine, we will grind out and reweld the critical inner weld. In addition, we will plasma coat
this part with zirconia to reduce the heat transfer to the fuel.

FUEL CHANGE

The recommendation to change from MMH to hydrazine is driven by the need to maximize
performance to be competitive with advanced systems now being proposed or developed. As
discussed in Section 3.2.3 hydrazine has definite system advantages when used for spacecraft
propulsion, in addition to its higher performance. Table 4-1 includes the effects of fuel change.

Use of hydrazine rather than MMH requires more margin on the front end thermal
management, since the hydrazine is not tolerant of over-heating. This entails some initial tests
with water-cooling to verify adequate margin at the high pressures.

FUTURE TECHNOLOGY ACTIVITIES

Because of the emphasis that NASA has placed on the downselect criteria for the Basic
Program (Table 4-2), and the need to compare directly our performance in the specified tasks to
TRW'’s, there is limited flexibility for this part of the program. We see that development and
demonstration of alternate fabrication techniques and/or improved materials, at significantly
lower cost than at present is essential to commercialization of this technology. Reliable, low-cost
suppliers who have credibility with the spacecraft primes are also needed, as are second sources
for the fabrication. '

We believe that it should be possible to conduct some of the demonstration testing at
Acrojet and TRW, in conjunction with the Basic Program, to reduce the time required to
demonstrate viable technology for a high pressure rocket engine system.

RPT/HOO%.134/26 "
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High Pressure Earth Storable
Rocket Technology Program

Task 2 Testbed Components
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